We investigated the effects of superoxide dismutase (SOD) and SOD linked to Ficoil (mol. wt = 400,000) on the changes in pulmonary transvascular fluid and protein exchange following pulmonary microembolism induced with a-thrombin. Studies were made in chronically prepared unanesthetized sheep with lung lymph fistulas. Control thrombin challenged sheep (a = 5) were compared to animals infused with SOD (the SOD-thrombin group, n = 5) or animals infused with SOD linked to high molecular weight Ficoil (the Ficoll-SOD-thrombin group, n = 6). The Ficoll-SOD-thrombin animals were also compared to animals infused with Ficoil alone (the Ficoll-thrombin group, a = 4) In the control-thrombin group, thrombin induced sustained increases in the pulmonary transvascular protein clearance (pulmonary lymph flow x lymph/plasma protein concentration ratio) and pulmonary vascular resistance (PVR). In the SOD-thrombin group, thrombin initially increased both pulmonary transvascular protein clearance and PVR; however, the later increases in protein clearance and PVR were blunted. The pulmonary reflection coefficients for total protein ( "? Since neutrophil activation is associated with generation of oxygen radicals, 1 the production of these oxygen metabolites may be a stimulus for pulmonary endothelial injury.
T HE generation of reactive oxygen species (O 2~, H 2 O 2 , OH •) by xanthine-xanthine oxidase and glucose-glucose oxidase reactions causes an increase in vascular permeability to protein. 1 "? Since neutrophil activation is associated with generation of oxygen radicals, 1 the production of these oxygen metabolites may be a stimulus for pulmonary endothelial injury. 4 
"
7 While data using in vitro systems in which oxygen radicals are chemically generated in-
there is little information on the role of oxygen metabolites in mediating the alterations in lung fluid balance in an in vivo granulocyte-dependent model of acute lung injury. The increased pulmonary vascular resistance (PVR) associated with acute lung injury may, in part, be the result of the generation of free oxygen radicals; 89 therefore, oxygen-derived free radicals may contribute to both the increased permeability and hemodynamic alterations occurring in acute lung injury.
Thrombin-induced lung vascular injury is granulocyte-dependent 10 and is associated with an increase in PVR." The enzyme superoxide dismutase (SOD) specifically catalyzes the reaction 2O 2~ + 2H + -> H 2 O 2 + O 2 , and thus decreases the local concentration of the superoxide anion (O 2~) . 112 We reasoned that if O 2c ontributes to the alterations in lung fluid balance after thrombin, the administration of SOD to remove the O 2~ generated after the thrombin challenge should reduce the response. However, a problem with the use of SOD is the short circulating half-life of the enzyme in the blood, which necessitates infusion of large amounts of the enzyme to achieve maximum O 2~ detoxification. 13 A suggested method of increasing the SOD plasma half-life is to bind it to a large molecule such as high-molecular-weight Ficoll (mol. wt. 400,000). l3 A potential problem with binding SOD to Ficoll is the potential of nonspecific effects of carrier molecules on aspects of the inflammatory response such as their effects on intravascular coagulation 14 and neutrophil adherence to the vascular endothelium. 6 Since intravascular coagulation and neutrophil sequestration occurs in several models of neutrophil-dependent vascular injury such as the Schwatzmann reaction in the kidney 15 and pulmonary microembolization, 1617 the use of Ficoll and the related dextran carriers may effect the outcome of the response.
The purpose of the present study was to determine whether O 2~ contributes to the alterations in lung fluid balance and hemodynamics following thrombin-induced pulmonary intravascular coagulation and to compare the effects of SOD with SOD linked to Ficoll in the pulmonary vascular response to thrombin.
Materials and Methods
Sheep were anesthetized with thiopental sodium (20 mg/kg, IV), inrubated, and maintained on nitrous oxide supplemented with 1% halothane. The animals were ventilated with a Harvard respirator (Harvard Apparatus Co., Millis, Mass.), and the respiratory rate (13 breaths/min) and tidal volume (14 ml/kg) were maintained to achieve normal blood gases. A right thoracotomy was made at the sixth intercostal space. The largest efferent lymph vessel from the caudal mediastinal node was cannulated, and the others were carefully ligated or cauterized. The procedure also included ligation and cauterizing the node posterior to the pulmonary ligament. We carefully cauterized all visible extrapulmonary afferent lymphatics from the diaphragm and esophagus to minimize nonpulmonary contamination.
18 " 21 The pleura was closed and the lymphatic cannula was tunneled through a small opening in the chest wall. The cannula was anchored to the skin for subsequent collection of lymph. Prior to chest closure, the lungs were hyperinflated to reverse atelectasis and the negative intrathoracic pressure was reestablished. We have shown in similarly prepared sheep that an IV infusion of a-thrombin (a method used for inducing pulmonary microembolism 20 ) did not increase the diaphragmatic lymph flow; a-thrombin infusion, however, increased the lymph flow of the efferent lymphatic duct. 20 A Swan-Ganz thermodilution catheter (7.5-F) was positioned in the pulmonary artery via the right jugular vein and kept open by a saline drip. A heparin-coated silastic catheter (TDMAC) was placed in the right carotid artery for arterial blood sampling. The animals were given antibiotics (Di-cillin, Butler Co., Ohio) intramuscularly and kept in metabolic cages or in their pen with free access to food and water. Experiments were carried out at least 4 days postsurgery.
Superoxide Dismutase (SOD) Preparation and Assessment of Activity
The clearance of SOD has a t^ of 5 minutes in rats and guinea pigs. 13 The enzyme was constantly infused (7200 U/kg/hr) for the 4.5-hour study period to maintain an adequate blood SOD concentration that would be required to detoxify any O 2~ generated. In another group, the enzyme was bound to Ficoll (mol. wt. 400,000) to form a high-molecular-weight Ficoll-SOD complex. Ficoll (2 g) was dissolved in 200 ml of H 2 O, activated with CNBr (600 mg), and kept at pH 10.4 for 30 minutes by the addition of 5 M NaOH. The pH was reduced to 9.0 with solid NaHCO 3 followed by the addition of SOD (Zn-SOD, Cu-SOD, Diagnostics Data Inc., Mountain View, Calif.) (800 mg) and stirred overnight. The mixture was dialyzed for 24 hours against 41 of K 2 HPO, (pH 8.0) at 4°C two times to remove excess CNBr and stored at 4°C until use. The final SOD activity of the Ficoll-SOD complex was 5000-7000 U/ml. The SOD activity of plasma and lymph samples of the treated groups was assayed in a 1/35 final dilution of plasma and lymph using the reduction of ferricytochrome C by xanthine-xanthine oxidase. 12 The activities in the lymph and plasma samples were expressed as percent change of the ferricytochrome C reduction (abs 550 nm) by xanthinexanthine oxidase assayed in buffer.
Experimental Animal Groups
Studies were made in the following groups of chronically prepared unanesthetized sheep.
SUPEROXIDE DISMUTASE. The SOD-thrombin group (n = 5) received IV SOD (bolus of 7200 U/kg followed by an infusion of 7200 U/kg/hr) for the duration of the study (4.5 hours) followed by tranexamic acid (100 mg) infused IV for 15 minutes to depress fibrinolysis. 20 Thrombin was infused (80 U/kg) after the baseline measurements were attained. The SOD-treated animals were compared to a control-thrombin group (n = 5), which also received tranexamic acid (100 mg) followed by the a-thrombin (80 U/kg).
In separate animals (control-thrombin, n = 5, SOD-thrombin, n -3), the left atrial pressure was increased by inflation of a Foley balloon (12F) catheter that had been positioned in the left atrium several days prior to the experiment. 20 The left atrial pressure was increased 2 hours post-thrombin to raise pulmonary microvascular pressure and to maximize the vascular surface area in order to obtain a measure of the pulmonary vascular reflection coefficient of total proteins. 2223 Pulmonary lymph flow (Qlym) was raised by graded increases in left atrial pressure. The increase in Qlym was associated with a step-wise decrease in the L/P protein concentration ratio. Eventually, the L/P protein concentration ratio did not change with a further increase in Qlym at which time the L/P protein concentration ratio was subtracted from 1(1-L/P) to attain (a). 23 FICOLL-SUPEROXIDE DISMUTASE. The Ficoll-SODthrombin group (n = 6) received IV Ficoll-SOD (7200 U/kg/hr for 1 hour) followed by tranexamic acid (100 mg) infused IV for 15 minutes to depress fibrinolysis. Thrombin was infused (80 U/kg) after the baseline steady-state measurements. The Ficoll-SOD group was compared to the Ficoll-thrombin group (n = 4) in which Ficoll was administered at a dosage similar to the amount received by the Ficoll-SOD animals. The Ficoll was dissolved in normal saline and infused (20 mg/kg/hr) for 1 hour; this was followed by tranexamic acid (100 mg) and then by thrombin (80 U/kg) as in the Ficoll-SOD-thrombin group.
In Vivo Measurements
Lymph was collected for determination of Qlym and lymph protein concentration every 30 minutes in the study. Plasma was collected at 30-minute intervals. Both lymph (L) and plasma (P) protein concentrations were measured using the biuret method (Technicon Instrument Autoanalyzer). Pulmonary transvascular protein clearance (Clym) was calculated as the product of L/P protein concentration ratio and Qlym.
The pulmonary arterial (P^) and pulmonary arterial wedge (PpJ pressures were monitored using a Statham P23Db transducer (Statham Instruments, Hato Rey, P.R.) and recorded on a Grass 7B polygraph (Grass Instruments, Quincy, Mass.). All pressure measurements were referred to the mid-chest level. Pulmonary blood flow (QJ was determined in triplicate at each lymph collection time point using the thermodilution technique (Edwards Laboratory 9520, Cardiac Output Computer). Pulmonary vascular resistance (PVR) was calculated as P^ -P^QL, where P^ and P^ are the mean pulmonary arterial and pulmonary arterial wedge pressures, respectively.
Arterial blood samples were taken during the baseline period and after thrombin for determination of leukocyte counts using a hemocytometer staining with New Methylene Blue. 24 Thromboxane A 2 (TxA 2 ) and prostacyclin (PGI 2 ) concentrations in plasma from arterial blood were determined by measuring their respective stable metabolites TxB 2 and 6-keto prostaglandin F la , with radioimmunoassay as described previously. 25 The arterial blood fibrinogen concentrations were measured with an immunodiffusion assay 26 during the baseline period and after thrombin in all groups.
Neutrophil Studies
NEUTROPHIL ISOLATION. Sheep neutrophils were isolated from whole citrated blood obtained from healthy donor sheep. 17 Blood (45 ml) was added to 1 ml of 0.01 M EDTA (pH 7.4), centrifuged at 1500s at 4°C for 15 minutes, and the buffy coat was removed. Erythrocytes were'osmotically lysed by adding a double volume of 4°C distilled H 2 O to each volume of buffy coat and gently rocking for 30 sec. The osmolarity of the solution was reconstituted by adding a volume of double strength Hank's Balanced Salt Solution (pH 7.4) equal to the volume of H 2 O. After a repeat centrifugation, the leukocyte pellet was layered on top of a continuous Percoll-saline gradient. A final centrifugation yielded a neutrophil-rich layer in the gradient.
NEUTROPHIL MIGRATION. The migration of neutrophils was determined by measuring the movement of neutrophils under agarose 27 in a humidified air environment. The degree of migration was assessed after incubation of cells for 3 hours. The positive control sample for migration was zymosan-treated serum (ZTS). The negative control sample for migration (which was run with all test lymph samples) was pool heated lymph (PHL) (56°C for 30 minutes).
NEUTROPHIL ADHERENCE. Adherence of neutrophils was adapted from the method of Hoover et al. 28 Neutrophils (1 X 10* cells/ml) suspended in Hank's buffer (20 mM EDTA, 25 mM HEPE) with 1 mg/ml BSA were added to 0.1 ml of sodium chromate ( 51 Cr, 1 mCi/ml). The cells were incubated with the 51 Cr for 60 minutes at 37°C in 5% CO 2 in a humidified air chamber. The neutrophils were washed (3 x) with 40 ml of Hank's (20 mM EDTA) and centrifuged at 400g for 5 minutes. The cells were resuspended with DMEM and recounted. The neutrophils were brought to a'concentration of 2 X 10 7 cells/ml with DMEM. Neutrophil adherence was tested with a monolayer of bovine pulmonary endothelial cells. 29 The test substance and neutrophils (2 x 10 7 cells/ml) were added to the well and incubated in 5% CO 2 and humidified air at 37°C for 60 minutes. The well was washed 2 times with phosphate buffered saline (PBS) (0.5 ml) followed by another wash with PBS (1 ml). NaOH (1 ml, 1 N) was added to the well and incubated in 5% CO 2 and humidified air at 37° for 30 minutes. The lysate of each well was transferred to polypropylene counting tubes (12 X 75 mm) and counted. The percent neutrophil adherence was the "Cr activity expressed as the percentage of the total neutrophil "Cr activity added. PMA (2 /zg/ml) was used as the positive control test agent and DMEM was used for the negative control for all assays. Each sample was analyzed in 8 different wells. The test substances were plasma, SOD (0.02 mg/ml) or Ficoll (0.2 mg/ml) dissolved in DMEM, and supernatant (serum) obtained from whole blood clotted with thrombin (1 /zAnl). The supernatant was treated with hirudin (1 /x/ml) to inhibit residual thrombin activity. SOD or Ficoll were added with the neutrophils to test the ability of these agents to alter adherence of neutrophils to the endothelium. The concentrations of SOD or Ficoll in the medium approximated those present following infusion of these agents in the sheep studies.
Statistics
The two-way analysis of variance with repeated measures with least significant difference for multiple comparisons was used to determine the temporal changes after thrombin. 30 The two-way analysis of variance with repeated measures was used to assess differences between groups. Statistical significance was accepted at p < 0.05. All data are expressed as means ± SEM. 
Results

Effects of SOD
The time course of the pulmonary hemodynamic response to thrombin in the control-thrombin and SOD-thrombin groups is shown in Figure 1 . The-baseline pulmonary blood flow (QJ, mean pulmonary arterial pressure (P^), pulmonary arterial wedge pressure (Ppe), and pulmonary vascular resistance (PVR) values were similar in the two groups ( Figure 1 and Table 1 ). Thrombin resulted in sustained increases in P O T, P™ and PVR in the control-thrombin group. Q L decreased after thrombin in the control-thrombin group. In the SOD-treated animals, the initial changes in the hemodynamic parameters after thrombin were similar to the control group; however in contrast to the control group, all values returned towards baseline levels, and were significantly less than the control-thrombin group at the end of the study (p < 0.05) ( Figure 1 and Table 1 ).
The pulmonary lymph flow (Qlym) and the lymphto-plasma (L/P) protein concentration ratio, in the con- 
Values are shown as mean ± SEM.
•Different from baseline value. tDifferent from the control-thrombin value. trol-thrombin and SOD-thrombin groups are compared in Figure 2 . The baseline Qlym and L/P protein concentration ratio were similar in the two groups (Figure 2) . In the control group, thrombin increased Qlym at 30 minutes and decreased the L/P protein concentration ratio, and these changes were sustained throughout the study. In the SOD-thrombin group, the initial increases in Qlym were similar to the control-thrombin group; however, the increases in Qlym by the end of the study were less than the control-thrombin group (p < 0.05). The L/P protein concentration ratio in the SOD treated sheep initially decreased after thrombin, but returned to baseline values by the end of the study. In the SOD-treated animals, the lymph protein clearance (tlym X L/P ratio) initially increased after thrombin but returned to baseline values (Table 1) . Table 2 shows the values for the pulmonary reflection coefficients for total proteins (a) calculated as (1 -L/P protein concentration ratio) in normal sheep and the thrombin-challenged sheep. The value of t in the control-thrombin group (0.60 ± 0.01) was less (p < 0.05) than the values in the SOD-thrombin group (0.70 ± 0.02) and the normal group (0.70 ± 0.03).
The changes in leukocyte counts in the controlthrombin and SOD-thrombin groups are shown in Figure 3 . There was no difference in the baseline leukocyte levels between the two groups. The leukocyte counts decreased comparably and had a similar time course following thrombin in both the control-thrombin and SOD-thrombin groups (Figure 3) . Table 3 shows the effects of SOD infusion on SOD activity of lymph and plasma as assessed by inhibition of the reduction of ferricytochrome C in the presence of xanthine-xanthine oxidase. SOD activity was not present in the baseline lymph and plasma samples (i.e., samples collected prior to SOD infusion); however, the infusion of the SOD resulted in immediate and sustained increases in SOD activity in both lymph and plasma.
The results of neutrophil migration towards pulmonary lymph from control-thrombin and SOD-thrombin sheep are shown in Table 4 . Pulmonary lymph from both the thrombin-control and thrombin-SOD groups increased the migration of neutrophils with maximum migration activity occurring between 10 to 25 minutes after the end of the thrombin infusion period. Pretreating normal sheep neutrophils with SOD did not alter their migratory response to zymosan-treated serum as compared to the response of normal neutrophils (Table 5) . Table 6 shows the changes in arterial TxB 2 and 6-keto PGF, a concentrations from baseline after thrombin in the control-thrombin and SOD-thrombin groups. In the control group, the TxB 2 concentration peaked at 15 minutes whereas 6-keto PGF la concentrations reached a peak at 30 minutes after thrombin. In the SOD-treated animals, the changes in TxB 2 and 6-keto PGF la concentrations were similar to the control-thrombin group. Table 7 shows the changes from baseline of the fibrinogen concentrations after thrombin. Thrombin resulted in similar decreases in the fibrinogen concentration levels in both the control-thrombin and SOD-thrombin groups.
Effects of Ficoll-SOD
The time course of the pulmonary hemodynamic responses after thrombin in the control-thrombin, Ficoll-thrombin, and Ficoll-SOD-thrombin groups are shown in Figure 4 . Thrombin resulted in increases in Pp. Ppar. ^d P^R m t h e control-thrombin group and these responses were sustained throughout the study. Q L decreased after thrombin in die control-thrombin group. In die Ficoll and Ficoll-SOD treated groups, me initial changes in the pulmonary hemodynamic parameters after thrombin were similar to the control group, but returned to their respective baseline values by me end of die study (Figure 4) . The final hemodynamic values were different in the control-thrombin group versus bodi Ficoll groups (p < 0.05) ( Figure 4 and Table 1 ).
The changes in Qlym and L/P protein concentration ratio in the control-thrombin, Ficoll-tiirombin, and Ficoll-SOD-thrombin groups are compared in Figure  5 . In the control group, thrombin increased Qlym at 30 minutes and decreased die 17P protein concentration ratio, and these changes were sustained diroughout the study. In the Ficoll and Ficoll-SOD treated sheep, thrombin initially increased Qlym, however, die final post-thrombin Qlym value were less dian die values in die control-dirombin group (p < 0.05).
The changes in the leukocyte levels in die control dirombin, Ficoll-thrombin, and Ficoll-SOD-dirombin groups are compared in Figure 3 . There was no difference in die leukocyte levels among the diree groups. The leukocyte counts decreased comparably and had a similar time course in the control group and in die Ficoll groups following dirombin (Figure 3) . SOD activity was not present in die baseline lymph and plasma samples (pre-infusion) of die Ficoll and Ficoll-SOD group (Table 3) . SOD activity increased in die lymph and plasma following the infusion of the Ficoll-SOD complex, whereas SOD activity was not present in die Ficoll-treated group (Table 3) . Table 7 shows die change in concentrations of fi- •SOD activity was measured 15 minutes after the SOD bolus and 15 minutes after the 1-hour infusion of the Ficoll or Ficoll-SOD. tDifferent form baseline value (p < 0.05). brinogen in the control-thrombin, Ficoll-thrombin, and Ficoll-SOD-thrombin groups. Thrombin caused similar decreases of the fibrinogen concentration levels in the three groups. Table 8 shows the effect of Ficoll (0.2 mg/ml) and SOD (0.02 mg/ml) on percent adherence of isolated human neutrophils to bovine pulmonary artery endothelial cells (BPAEC) in response to citrated plasma (negative control) and to supernatant (serum) obtained from clotting whole blood with thrombin. PMA (2 fxg/ml) was used as the positive control and this induced 94.3 ± 2.8% adherence. The supernatant from clotted whole blood increased the percent adherence of human neutrophils from 3.30 ± 0.6% (plasma) to 58.3 ± 4.6% (serum). Ficoll in the well decreased percent adherence in response to serum 33.1 ± 4.0% (p < 0.05). SOD also decreased adherence in response to serum to 45.8 ± 4.1% (p < 0.05). Ficoll or SOD alone, or plasma did not affect the adherence of neutrophils to endothelial cells.
TABLE 4. Migration of Isolated Sheep Granulocytes in Response to Lymph Obtained During the Baseline Period Following Thrombin Challenge in the Control-Thrombin and SOD-Thrombin Groups
Discussion
We have examined the role of the superoxide anion (O 2~) in mediating the alterations in pulmonary transvascular fluid filtration and vascular permeability following thrombin-induced pulmonary microembolism. Studies were made in conscious sheep prepared with lung lymph fistulas which were pretreated wtih superoxide dismutase (SOD). SOD is a specific enzyme for catalyzing the dismutation of O 2~, and thus SOD effectively removes the locally generated O 2~. 12 It was evident that SOD was present in the plasma and pulmonary lymph after the intravenous infusion of SOD as evident by the finding that the plasma and lymph samples inhibited the chemical reduction of ferricytochrome C in the presence of O 2~ generated by xanthine and xanthine oxidase. SOD activity was present in the pulmonary lymph as early as 15 min following SOD infusion and the activity persisted for the duration of the study. The small molecular weight of SOD (mol. wt. = 31,000) explains the rapid extravascular distribution and its appearance in the lymph.
The intravenous infusion of thrombin results in increases in lung vascular permeability and pulmonary vascular resistance. 10 " The thrombin-induced increased permeability is dependent on neutrophils since prior neutrophil depletion prevented the response. 10 -31 Neutrophil activation may result in the generation of oxygen radicals from neutrophils subsequent to the activation of the coagulation and fibrinolytic cascades. 13 We observed that serum (unpublished observation) and pulmonary lymph obtained from thrombinchallenged sheep contains substances capable of inducing neutrophils to generate O 2~ , 32 indicating that neutrophil activating factors) are released into the pulmonary lymph after thrombin. We reasoned that detoxification of the generated O 2~ would be protective if O 2~ mediated the increase in lung vascular permeability; moreover, the removal of O 2~ would limit the production of OH-since the O 2~ is the essential substrate for the Haber-Weiss reaction. 33 The neutrophil O 2~ generation induced by postthrombin lymph has a similar time course (with the maximal response occurring in the 15-minute lymph sample 32 ) as the ability of lymph to induce migration of isolated sheep neutrophils (Table 4) . Therefore, substance^) released into pulmonary lymph after pulmonary intravascular coagulation cause not only neutrophil O 2~ generation but also neutrophil migration. The neutrophil migration activity was also present in lymph obtained from SOD-treated animals; therefore, O 2g eneration does not appear to be responsible for the elaboration of migration factors) for neutrophils in contrast to some inflammatory responses in which O 2g eneration induces generation of a neutrophil chemotactic substances. 13 The peripheral leukocyte count decreased in the SOD-thrombin group to the similar level as in the control-thrombin group within 15 minutes after thrombin challenge. This correlates well with the increase in neutrophil migration activity present in pulmonary lymph of the control SOD-treated animals challenged with thrombin. Factors such as complement-derived peptides (e.g., C 5l ) and lipoxygenase products of arachidonic acid (e.g., LTB^ may mediate the neutrophil chemotaxis since they are liberated following intravascular coagulation. 34 " 3 * The effects of SOD infusion in experimental models of acute lung injury have been variable. Some studies have indicated that SOD prevents the pulmonary edema by preventing lung vascular injury, 37 whereas other studies indicate that SOD exacerbates the increase in lung vascular permeability. 38 The injury can be enhanced since SOD may increase the generation of H 2 O 2 by catalyzing the dismutation reaction. Part of the variability of the previous conclusions may be related to the measurement of lymph protein clearance (pulmonary lymph flow x L/P protein concentration ratio) or measurement of tissue uptake of albumin, which alone do not provide true measures of vascular permeability to protein. 23 Previous studies have not assessed whether the protective effect of SOD is a direct one on vascular permeability or secondary to a reduction in the capillary hydrostatic pressure. In the present study in the SOD-treated animals, thrombin resulted in a transient increase in pulmonary lymph flow, which was not accompanied by a change in the L/P protein concentration ratio from baseline. Permeability alterations in the SOD-treated group were assessed by inflating a left atrial balloon after the thrombin challenge to calculate the protein reflection coefficient. 2023 Left atrial hypertension produced a further increase in lymph flow which was associated with a decrease in the L/P protein concentration ratio to the same degree as normal animals subjected to left atrial hypertension. 20 The protein reflection coefficient estimated by this technique was in the normal range in the SODtreated sheep in contrast to the decrease observed in the untreated thrombin-challenged group. These data indicate that SOD prevents the thrombin-induced increase in lung vascular permeability.
These results are consistent with a previous report showing that delivery of SOD entrapped into liposomes prevented lung endothelial injury that occurs with oxygen toxicity. 39 In another study, injection of heparin with SOD prevented the increase in lung lymph protein clearance after air embolization, but intravenous SOD injection itself was ineffective. 37 The smaller increment in pulmonary lymph flow in the SOD treated sheep after thrombin may also be the result of a smaller rise in pulmonary microvascular pressure in these animals. This notion is supported by the observation that the increases in pulmonary arterial pressure and PVR after thrombin were transient, and returned to baseline levels rapidly in the SOD-treated sheep. The generation of O 2~ and H 2 O 2 in the isolated- perfused lung preparation induces the generation of prostacyclin, 40 thromboxane A 2 , 68 and possibly leukotrienes C4 and Di. 3 6 Thromboxane and leukotrienes C 4 and D 4 are pulmonary vasoconstrictor agents. 841 Previous studies involving thromboxane synthetase inhibition indicated that a part of the initial pulmonary vasoconstriction after thrombin is mediated by thromboxane generation. 23 In the present study, the initial pulmonary hemodynamic changes after thrombin were not different between the control-thrombin and SOD-thrombin groups, suggesting that mediators of vasoconstriction other than thromboxane A 2 were responsible for the difference in pulmonary vascular resistance between the two groups. Moreover, there were similar increases in TxB 2 (the stable metabolite of TxAj) in the control-and SOD-treated groups after thrombin. Therefore, other mediators dependent on Oĝ eneration such as the lipoxygenase products of ara- The protective effect of SOD treatment was not due to a direct inhibitory effect on neutrophil migration since SOD-treated neutrophils demonstrated the same migration to zymosan-treated serum as the untreated cells. This is in accord with the finding that lymph obtained from SOD-pretreated sheep challenged with thrombin-induced neutrophil migration to the same degree as lymph from control-thrombin challenged sheep. Moreover, the decreases in leukocytes were comparable in the control-and SOD-treated animals.
The protective effect of SOD can be related to its ability to inhibit the formation of the hydroxyl radical (OH-) 12 because the O 2~ is needed for the Haber-Weiss reaction to generate OH-. 33 The OH-is also a putative mediator of lung vascular injury. 3 The linkage of SOD to Ficoll has been proposed as a method for increasing the circulating half-life of the SOD and its plasma enzymatic activity. 13 The SOD activity in plasma and lymph was sustained following the one hour infusion of the Ficoll-SOD complex, which is in agreement with previous data in rats. 13 The specificity for removing the O 2~ was observed with the Ficoll-linked SOD since plasma and lymph from sheep that received the infusion of Ficoll alone did not affect the ability of the chemically generated O 2~ to reduce ferricytochrome C. The pulmonary hemodynamic and lymph responses after thrombin were greatly attenuated in the Ficoll-SOD pretreated animals. However, the pretreatment of animals with Ficoll alone unexpectedly induced a similar protection in response to thrombin. This effect of Ficoll was not due to removal of O 2~ by the Ficoll since plasma and lymph samples from the Ficoll-thrombin sheep did not inhibit the reduction of ferricytochrome C as with the case with the samples from the Ficoll-SOD animals. The protective effect of the Ficoll and other related compounds such as dextrans may be related to their ability to inhibit intravascular coagulation.
14 However, the fibrinogen concentrations were similar in all groups after thrombin.
Shasby et al 42 showed that infusion of 2% dextran (mol. wt. = 62,500) (a substance similar to Ficoll) to isolated perfused rabbit lungs reduced edema formation in response to granulocytes stimulated with phorbol myristate acetate. They concluded that the dextran prevented the margination of granulocytes on the vascular endothelium, thus preventing the granulocytedependent increase in lung weight. In the present study, the increase of adherence by neutrophils to endothelial cells in response to supernatant (serum) from thrombin clotted whole blood was attenuated by Ficoll. The thrombin serum simulates the effect of thrombin in vivo, in which neutrophil-activatjng substances 32 are generated, causing neutrophils to migrate, aggregate, and generate O 2~. An increase of neutrophil adherence to endothelium, is part of the activation process for neutrophils. 43 The mechanisms for Ficoll's effect on neutrophil-endothelial interaction are unclear; however, dextrans interact with endothelial glycoprotein receptors for neutrophils. 40 The response to thrombin is granulocyte dependent 10 ; therefore, Ficoll infusion could have reduced the vascular margination of granulocytes, and the changes in pulmonary transvascular fluid and protein exchange that occurs in response to thrombin. SOD also attenuated the increase in adherence in response to supernatant from thrombin clotted whole blood. Oxygen radicals such as the O 2~ are involved in the generation of substances such as lipoxygenase products of arachidonic acid (e.g., LTB 4 ) that are released by the neutrophils or endothelial cell and can, in turn, effect neutrophil adherence.
The peripheral leukocyte levels after thrombin was similar in the control and Ficojl groups; therefore, the peripheral leukocyte count is not a sensitive indicator for the margination of neutrophils in the pulmonary circulation. The peripheral leukocyte level is determined by other factors besides the margination of neutrophils in the lung, such as the release of neutrophils from the bone marrow.
In conclusion: The superoxide anion participates in increasing pulmonary vascular permeability and pulmonary vascular resistance following thrombin-induced pulmonary microembolism. The removal of O 2w ith superoxide dismutase limits the increases in pulmonary lymph flow and transvascular protein clearance (Qlym X L/P protein concentration ratio). Substance^) released into the pulmonary lymph after thrombin are capable of inducing neutrophil migration. The results indicate that O 2~ contributes to pulmonary edema after pulmonary vascular thrombosis by increasing vascular permeability and pulmonary arterial pressure (which can increase capillary hydrostatic pressure). The results also indicate that Ficoll (when used as vehicle for SOD delivery) attenuates the increase in lung vascular injury following thrombin induced pulmonary microembolism as effectively as SOD, which may be the result of reduction of neutrophil adherence of the endothelium.
